Inflammation and ECM (extracellular matrix) remodelling play important roles in LV (left ventricular) remodelling following acute MI (myocardial infarction). Previous studies show elevated plasma MMP (matrix metalloproteinase) levels in patients with acute MI, but their sources are not clear. The recruitment of mononuclear cells into the infarcted myocardium is critical for inflammatory responses, but their exact roles in LV remodelling have not been fully investigated, as it is difficult to isolate and study the function of regional inflammatory cells. To address these questions, we isolated PBMCs (peripheral blood mononuclear cells) from blood samples of patients with acute MI or stable angina, or healthy controls (n = 14, 8 and 12 respectively). PBMCs were cultured for 24 h and the MMP9 level in the culture medium was measured by gelatin zymography, and MMP9 gene expression was measured by real-time PCR. Two superarrays (ECM and adhesion molecules, and common cytokines; 84 genes included in each array) were employed to screen gene expression profiles by PBMCs in five patients with acute MI and five controls. We found that MMP9 expression by PBMCs at both the mRNA and protein levels was increased 2-fold (both P < 0.05) in patients with acute MI compared with the two control groups. Notably, MMP2 was not expressed by PBMCs. Superarray screening revealed that PBMCs not only expressed MMPs, TIMPs (tissue inhibitors of metalloproteinases) and matrix proteins, but also served as an important source of cell adhesion molecules, inflammatory cytokines and growth factors. A total of 42 genes were differentially expressed in patients with acute MI compared with controls. Expression of selected genes was confirmed by real-time PCR. In conclusion, PBMCs constitute a key cellular source for elevated plasma MMP9, but not for MMP2. PBMCs also contribute to systemic and regional inflammation and matrix remodelling in acute MI.
INTRODUCTION
Acute MI (myocardial infarction) triggers inflammatory responses, including the release of a variety of inflammatory mediators and infiltration of leucocytes into the infarcted myocardium, which is a prerequisite for healing and scar formation [1] . However, enhanced inflammatory response is associated with further myocardial injury and LV (left ventricular) remodelling. Inflammatory cells recruited into the infarcted myocardium have been suggested to be an important source of regional MMPs (matrix metalloproteinases), especially MMP9 [2] , which are elevated in infarcted hearts [3] [4] [5] . Studies using genetic manipulation of MMPs/TIMP1 (tissue inhibitor of metalloproteinases 1) or synthetic MMP inhibitors have indicated a causal role for activation of MMPs (which mediates degradation of collagen network) in post-MI remodelling [6] [7] [8] [9] . Therefore inflammation and ECM (extracellular matrix) degradation contribute significantly to post-MI LV remodelling. A number of animal studies have shown beneficial effects of anti-inflammatory strategies in reducing infarct size or attenuating LV remodelling [10, 11] . However, in clinical practice, anti-inflammatory therapies are generally unsuccessful [12] . Therefore a more complete understanding of the inflammatory response in acute MI is required before the successful application of inflammation-related interventions.
The recruitment of mononuclear cells into the infarcted myocardium, which is mediated by cell adhesion molecules, is a critical step in the inflammatory response following MI, but the exact roles of mononuclear cells in myocardial injury, infarct healing and ventricular remodelling have not been fully investigated, as it is difficult to isolate and study the function of regional inflammatory cells. Thus it is interesting to study PBMCs (peripheral blood mononuclear cells) infiltrating into the infarcted heart thereby representing local inflammatory cells.
In addition to the up-regulation of regional MMPs in the infarcted heart, plasma levels of several MMPs are elevated in patients with acute MI [13] [14] [15] [16] [17] [18] , but the sources of MMP species in plasma are not very clear. Moreover, two important MMP species (MMP2 and MMP9) display diverse changes in their plasma levels after MI. Although plasma MMP9 is consistently elevated [13, 14, 17] , the changes in plasma MMP2 remain inconsistent [13, 14, 17, 18] . In addition, plasma MMP9 increases early after MI [13, 14, 17] ; however, a delayed increase in plasma MMP2 is observed [13, 18] . The reasons for such diversities are not fully understood.
Our previous study has reported that MMP9 gene expression was increased in PBMCs from mice with acute MI compared with those from sham-operated mice, indicating that PBMCs are activated and are an important source of MMP9 in acute MI in mice [4] . In the present study, we aimed to determine whether PBMCs from patients with acute MI also produce higher amount of MMP9 compared with cells from patients with stable angina or healthy controls. We further examined changes in gene expression profiles of pathways on ECM, cell adhesion molecules and common cytokines expressed by PBMCs from patients with acute MI.
MATERIALS AND METHODS

Study subjects
We studied 14 patients with acute MI based on the symptom of persistent chest pain and a plasma level of troponin 2.5 times greater than the laboratory reference value within 48 h after the onset of pain. Aspirin, heparin and nitrates were given to all patients. The use of β-blockers, calcium channel blockers, ACE (angiotensinconverting enzyme)-inhibitors and nitrates was decided by attending physicians. Another eight patients with chronic stable angina and 12 healthy volunteers served as controls. Patients with stable angina complained of angina on effort without evidence of recent deterioration or rest pain in the previous 6 months. The healthy volunteers had no evidence of cardiovascular disease. The present study did not include patients or control subjects with significant renal or hepatic dysfunction, apparent infectious disease or any surgical procedure in the preceding 6 months.
The study complied with the Declaration of Helsinki and was approved by the Ethics Committee of Alfred Hospital. Informed consent was obtained from all subjects.
Blood collection and isolation and culture of PBMCs
Blood samples were obtained from patients with acute MI on day 3 and patients with stable angina and healthy controls. Among the 14 acute MI patients, ten underwent PCI (percutanenous coronary intervention), of whom nine received stents. Blood was taken from nine patients after PCI, and one patient before PCI. PBMCs were isolated with the use of a Ficoll-Paque plus (Amersham Biosciences), according to the manufacturer's instructions. Blood was diluted 1:2 with PBS and was layered on to the top of Ficoll-Paque and centrifuged at 400 g for 30 min at room temperature (21
• C). The mononuclear cell layer was carefully collected and rinsed twice with PBS. PBMCs were suspended in RPMI 1640 medium supplemented with l-glutamine and antibiotics/antimyocyocotic, and plated at a density of 2.5 × 10 6 cells/ml in 24-well plates and incubated at 37
• C in a 5 % CO 2 atmosphere. After 24 h of incubation, the supernatants were collected and stored at − 80
• C until assay.
Gelatin zymography
Gelatin zymography was performed using an equal amount of cell supernatants for measurement of gelatinases, MMP2 and MMP9, as described previously [4] . Aliquots (50 μl) of the medium were loaded on to 7.5 % acrylamide gels containing 0.5 mg/ml gelatin (Sigma-Aldrich) and were electrophoresed. Following electrophoresis, the gel was washed twice with 0.25 % Triton X-100, and then incubated with the incubation buffer containing 50 mM Tris/HCl (pH 7.5), 10 mM CaCl 2 , 1 mM ZnCl 2 , 1 % Triton X-100 and 0.2 mM NaN 3 at 37
• C overnight (>16 h). The gel was stained with 0.1 % Coomassie Brilliant Blue solution containing 40 % isopropanol for 1 h at room temperature and then destained with 20 % methanol containing 7 % acetic acid with shaking until bands were visualized. The gel was scanned, images were inverted and densitometry levels were determined by using the software Quantity One (Bio-Rad Laboratories).
Gene expression of MMP9
RNA was isolated from fresh PBMCs and MMP9 gene expression was measured by real-time PCR. Total RNA was isolated from cells with TRIzol ® reagent (Invitrogen) following the manufacturer's instructions. After DNase (Promega) treatment, RNA was reverse-transcribed into first-strand cDNA with the use of random primers and MMLV (Moloney-murine-leukaemia virus) reverse transcriptase (Invitrogen), following the manufacturer's instructions. Real-time quantitative PCR was performed using an SYBR Green kit (Invitrogen). Detection and analysis were performed on an ABI Prism 7500 system (Applied Biosystems). The transcript abundance was expressed as the fold increase over the value of healthy control group calculated using the 2 − Ct method. The expression of targeted genes was normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase).
Superarray
A portion (2 μg) of total RNA isolated from PBMCs was treated with Turbo DNase (Turbo DNA-free kit; Ambion) and reverse-transcribed into cDNA with the use of the RT 2 first strand kit (Superarray Bioscience) following the manufacturer's instructions. Two superarrays [human ECM and adhesion molecules (http://www.sabiosciences.com/rt_pcr_product/HTML/ PAHS-013A.html), and human common cytokine (http://www.sabiosciences.com/rt_pcr_product/HTML/ PAHS-021A.html) RT 2 Profiler TM PCR Arrays) were selected for the present study. Each array profiles the expression of 84 genes (see Supplementary Tables 1 and  2 at www/clinsci.org/cs/119/cs1190175add.htm). The RT 2 Profiler TM PCR Array was set up following the manufacturer's instructions and was performed according to the manufacturer's protocol. An experimental cocktail was prepared for each plate made up of the processed cDNA and 2 × instrument-specific and readyto-use Superarray RT 2 qPCR master mix, containing SYBR Green and a reference dye. A portion (25 μl) of the experimental cocktail was placed into each well of the PCR Array plate containing the pre-dispensed gene-specific primer sets, and PCR was performed on the ABI Prism 7500 Sequence Detection System. A two-step cycling program was used (10 min at 95
• C to activate the HotStart DNA polymerase, followed by 40 cycles of denaturing for 15 s at 95
• C and annealing for 1 min at 60
• C). Data collected were entered into online software PCR Array Data Analysis Web Portal provided by the manufacturer for data analysis. Gene expression levels were normalized against the housekeeping genes including GUSB (glucuronidase β), HPRT1 (hypoxanthine guanine phosphoribosyl transferase 1), HSP90AB1 (heat-shock protein α class B member 1), GAPDH and ACTB (β-actin). Fold changes in gene expression were calculated using the 2 − Ct method by the software. On the basis of previous studies [19] , a 1.5-fold or greater change was determined to be the threshold cut-off point for what is considered a change in gene expression.
Statistical analysis
Values are expressed as means + − S.E.M. One-way ANOVA was used to detect the difference among groups and was followed by the Newman-Keuls multiple comparison post-hoc tests. A difference at P < 0.05 was considered as statistically significant.
RESULTS
Baseline characteristics of study subjects
The characteristics of the MI distribution, ST-segment elevation and enzyme profiles in acute MI patients are shown in Table 1 . There were no significant differences in age, gender, BMI (body mass index), frequencies of smoking, hypertension, diabetes mellitus, hyperlipidaemia, family history of heart disease, previous history of MI and the number of angiographically significant stenosis between groups of stable angina and acute MI (Table 1) .
Increased MMP9 production by PBMCs at the protein and mRNA levels
As MMP9 plays an important role in post-MI LV remodelling [2, [4] [5] [6] [7] , we first examined whether PBMCs from patients with acute MI produced a higher amount of MMP9 compared with PBMCs from patients with stable angina or healthy controls. MMP9 activity detected in culture medium of PBMCs was increased by 2-fold in acute MI compared with the control groups ( Figure 1B) . MMP9 mRNA levels in PBMCs were also increased 2-fold in patients with acute MI compared with the two control groups ( Figure 1C ). These results indicate that PBMCs are activated in the setting of acute MI to transcribe and secrete more MMP9, forming an important cellular source of elevated level of plasma MMP9 [13, 14, 17] . In the present study, we did not find any significant difference in MMP9 levels between patients receiving (n = 9) or not receiving (n = 5) PCI. Interestingly, MMP2 was undetectable in the culture medium of PBMCs from either patients or the control subjects ( Figure 1A ), and MMP2 mRNA was also not detected by real-time PCR either (results not shown). Thus PBMCs are not a cellular source for MMP2.
Superarray analysis of ECM and adhesion molecules
Next, we screened gene expression profiles of ECM and adhesion molecules in PBMCs from five patients with acute MI and five healthy controls by superarray analysis (the superarray was not done on patients with stable angina as there were no significant differences between controls and patients with stable angina regarding MMP9 levels by gelatine zymography and real-time PCR). Among 84 genes in the ECM and adhesion molecule array, 18 genes were not detected in PBMCs (Supplementary Table 1 ). On the basis of the cut-off value of + − 1.5-fold relative to control value [19] , 13 genes were up-regulated whereas 14 genes were downregulated (Table 2 ). These 27 genes were distributed among nine functional gene groups included in this array (Figure 2A (Table 2) . Notably, FN1 was weakly expressed by PBMCs, but markedly increased in acute MI (by ∼ 9-fold). All of these matrix proteins serve as adhesive proteins. PMBCs are also a cellular source of other cell adhesion molecules. PBMCs expressed most integrins which display differential expression patterns. Although the gene expression of ITGAM (integrin αM), ITGB3 (integrin β3) and ITGB5 (integrin β5) was upregulated, the gene expression of ITGA3 (integrin α3), ITGA6 (integrin α6) and ITGB4 (integrin β4) was down-regulated. In addition, the gene expression of VCAM1 (vascular cell adhesion molecule 1), PECAM1 (platelet/endothelial cell adhesion molecule 1), CDH1 (cadherin 1), VCAN (versican) and CLEC3B (C-type lectin family 3, member B) was also changed in acute MI (Table 2 ).
Superarray analysis of common cytokines
We employed another superarray to measure the gene expression of a wide range of common cytokines in PBMCs from five patients with acute MI and five healthy controls. Out of the 84 genes in this array, 16 genes were not expressed by PBMCs (Supplementary Table 2 ). On the basis of the cut-off value of + − 1.5-fold relative to the control value [19] , although seven genes were up-regulated, eight genes were downregulated in the acute MI group (Table 3) . This array was divided into six functional gene groups and the percentage of genes changed in each group is listed in Figure 2( (growth differentiation factor 8) and GDF10 (growth differentiation factor 10), and INHBA (inhibin βA) were altered (Table 3 ). In addition, the expression of PDGFA (platelet-derived growth factor α) was up-regulated in PBMCs from patients with acute MI (∼ 2-fold) ( Table 3) .
Validation of superarray results by real-time PCR
In order to validate the array data, in addition to MMP9 measured by real-time PCR above, we selected four genes from two superarrays, and performed real-time PCR in all 34 subjects from the three subject groups in the present study. The selection was based on their functional significance and was representative of the gene groups included in the superarrays. Gene expression of MMP8, ITGAM and TNFSF7 was increased, but ITGA6 was decreased in acute MI compared with the two other control groups, confirming findings from the two superarrays. Table 4 shows the fold changes detected by superarray and real-time PCR, which are comparable with each other. 
DISCUSSION
In the present study, we examined PBMCs from patients with acute MI and have made several major findings. First, PBMCs from patients with acute MI produced a higher amount of MMP9 compared with those from patients with stable angina or healthy controls, indicating that PBMCs are activated and become an important cellular source of plasma MMP9, which is known to be elevated in MI and contribute to post-MI LV remodelling [4] [5] [6] [7] . Secondly, gene screening of two important pathways (ECM and adhesion molecules, and common cytokines) from PBMCs revealed different expression profiles in acute MI relative to healthy controls. These findings imply significant roles for PBMCs in systemic and regional inflammatory responses and ECM remodelling in acute MI. Thus activation of PBMC, which reflects the degree of overall and regional inflammation, could be related to LV remodelling and even prognosis of MI patients. Assays for PBMC activation might serve as biochemical markers to evaluate patients with acute MI in regard to prognosis and LV remodelling, which merits further investigation. Activation of MMPs, particularly MMP2 and MMP9, is suggested to play an important role in the pathogenesis of LV remodelling following MI [4] [5] [6] [7] [8] [9] . Diverse changes in plasma MMP9 and MMP2 in acute MI have been reported [13] [14] [15] [16] [17] [18] , but the mechanism is not clear yet. In the present study, PBMCs from patients with acute MI produced a greater amount of MMP9 detected by both real-time PCR and gelatin zymography, and superarray data also demonstrated that MMP9 was the most abundantly expressed MMP by PBMCs among all of MMP species, confirming that circulating inflammatory cells are an important source for plasma MMP9. PBMCs mainly comprise T-lymphocytes, B-lymphocytes and monocytes. Previous studies have shown that MMP9 is expressed in all main cell types of PBMCs [20] [21] [22] [23] . In contrast, MMP2 was not detected at either the mRNA or protein level in PBMCs, suggesting that PBMCs are not a cellular source of plasma MMP2. These results may explain diverse changes in plasma MMP9 and MMP2 in patients with acute MI as well as their clinical implication. Our results indicate that MMP9 and MMP2 are derived from distinct cellular sources. Inflammatory cells are an important source of MMP9, but MMP2 is mainly expressed by cardiac cells in the heart [24] . Indeed, our previous work in the mouse infarct model also showed that a great number of inflammatory cells accumulated in infarcted hearts during the acute phase of MI, accompanied by an early and marked increase in cardiac MMP9, but a modest increase in cardiac MMP2 [4, 5] . Thus MMP9, which comes from inflammatory cells, plays a critical role in acute LV remodelling. Not surprisingly, the plasma MMP9 concentration was positively correlated with LV remodelling [15, 17, 25] and has also been reported to predict fatal events in patients with known coronary artery disease [26] , MMP2 concentrations, however, were unrelated [25] or inversely [27] related to LV volume after MI. In addition to MMP2 and MMP9, two collagenases (MMP8 and MMP1) and MMP14 (membrane type 1 MMP) were also upregulated in PBMCs in patients with MI, accompanied by a moderate increase in TIMP2. Thus an imbalance between MMPs/TIMPs towards proteolysis exists in PBMCs in the setting of acute MI, which is in keeping with the altered ratio of MMP/TIMP seen in the infarcted mouse heart [4] .
The recruitment of leucocytes into the infarcted myocardium is mediated by cell adhesion molecules. PBMCs serve as an important source of cell adhesion molecules, such as integrins and other cell adhesion molecules, including a number of matrix proteins that also act as adhesive proteins. PBMCs from the acute MI group also showed a differential expression pattern of integrins known to participate in cell adhesion and cell-surfacemediated signalling. Expression of ITGAM, ITGB3 and ITGB5 was up-regulated, but expression of ITGA3, ITGA6, and ITGB4 was down-regulated. Notably, integrin αM combines with the β2 chain to form Mac-1, which plays an essential role in mediating leucocyte adhesion through binding to ICAM1 (intercellular cell adhesion molecule 1) expressed on activated vascular endothelium. In addition, integrin β3 and β5 also mediate cell adhesion and migration. [28, 29] . Expression of several other adhesion molecules also changed in PBMCs from MI patients. These results suggest an important role of PBMCs in mediating cell adhesion and migration, which is an essential step in inflammatory responses.
PBMCs also serve as a cellular source for matrix proteins. Thus inflammatory cells recruited into infarcted hearts are involved in the healing process by secreting matrix proteins. Matrix proteins also serve as adhesive proteins, and regulate cellular function and signalling through interactions with specific receptors. In acute MI, gene expression of a number of matrix proteins by PBMCs changed significantly. Notably, a marked increase in the FN1 gene was observed. Fibronectin is a major component of the cellular basement membrane and also acts as an adhesive protein and a major player in cellmatrix interaction through its binding to integrins. An increase in plasma fibronectin has also been reported in patients with acute MI [30] . In addition to collagen, lamina and fibronectin, gene expression of another class of matrix proteins, matricellular proteins such as OPN and ON by PBMCs, was also changed in acute MI. The function of matricellular proteins in acute MI is not clear yet, but studies have suggested that matricellular proteins regulate the phenotype and function of many cell types involved in LV remodelling and wound healing [31] .
PBMCs are capable of producing a wide range of inflammatory cytokines, such as ILs, TNFs and IFNs, and growth factors, including TGFβ, PDGF, VEGF (vascular endothelial growth factor) and CSF (colony stimulating factor). Following MI, the release of inflammatory cytokines promotes the recruitment of inflammatory cells into the infarcted site. The present study supports further the concept that inflammatory cells provide an additional source of local inflammatory cytokine production and amplification of the inflammatory response. Expression of several genes from the IL family was altered in PBMCs after MI. Notably, IL1α (IL1A), which induces apoptosis and is involved in various inflammatory processes, was up-regulated in acute MI. In contrast, both IL4 and IL5 were down-regulated. IL4 and IL5 are Th (helper T-cell) 2 cytokines, and IL4 suppresses acute inflammation and macrophage activation [1] . Thus an imbalance between Th1 and Th2 cytokines may exist in PBMCs after acute MI. Such change has also been implicated in atherosclerotic plaque instability [32] . In addition, gene expression of TNFSF13 and TNFSF7 was also increased in PBMCs from patients with acute MI. TNFSF7 contributes to T-and B-lymphocyte activation [33] , and up-regulation of these two cytokines may also be important in the inflammatory response after MI. On the other hand, mononuclear cells are also necessary in post-infarct healing by secreting TGF, PDGF and other growth factors. Gene expression of TGFB2 and PDGFA, molecules that promote fibroblast activation and fibrotic healing [34, 35] , was up-regulated in PBMCs from MI patients.
Our results suggest that PBMCs in patients with acute MI are activated, but the cause of such systemic activation of PBMCs remains undefined, which forms the basis for future work. Several mechanisms may be suggested: (i) inflammatory cytokines released by infarcted myocardium may enter into the circulation and then stimulate PBMCs; (ii) sustained neurohormonal activation, such as of the renin-angiotensin-aldosterone system and the adrenergic system could also contribute to the activation of PBMCs [36] [37] [38] ; and (iii) other factors, such as hypoxia and oxidative stress, may activate PBMCs [39] .
In conclusion, PBMCs are activated in patients with acute MI. PBMCs constitute a key cellular source for plasma MMP9 in acute MI, but not for plasma MMP2. PBMCs also contribute to ECM remodelling, and amplification of the inflammatory response as well as infarct healing by producing MMPs/TIMPs, matrix proteins, inflammatory cytokines and growth factors. Activity of PBMCs may serve as a biochemical marker to evaluate patients with acute MI in regard to regional inflammation, ventricular remodelling and the efficacy of anti-inflammatory interventions. 
